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Abstract 
We present an efficient method for the measurement of anisotropic stress in obliquely-deposited thin films based on fast Fourier 
transform (FFT) associated with a Gaussian filter. The method not only measures isotropic residual stress but also anisotropic 
stress in a thin film. The measurement of film stress anisotropy was performed by a Tyman-Green interferometer combined with 
the MATLAB program to analysis the captured interferograms. The surface topography of thin films was obtained by the fringe 
pattern analysis program based on FFT method. The surface profile of thin films was filtered by the Gaussian filter after the 
phase change was converted to surface height distribution. The results show that obliquely-deposited TiO2 thin films exhibit 
different anisotropic stresses. 
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1. Introduction 
The stress behavior of thin films is very important in various optical coating applications. In many cases, the 
stresses in a deposited film are anisotropic due to the glancing angle incidence of the depositing atom flux and/or the 
bombarding ion flux. A number of methods have been developed to measure stress in thin films [1,2]. Most of these 
methods determine the residual stresses by measuring the curvature of a substrate before and after coating. For 
instance, a cantilever beam and a laser scanning method are used for measuring thin-film stress. The traditional 
methods are somewhat elaborate and are not suitable for measuring the whole-field anisotropic stress distribution. 
However, these methods for measuring residual stress always focus on an isotropic distribution in the thin film. 
There is very limited study on anisotropic stress measurement in the literature. To overcome the deficiency, a fast 
and efficient measurement method, based on fast Fourier transform (FFT) technique [3,4] combined with a Gaussian 
filter, was developed to determine anisotropic film stress. The method not only measures isotropic residual stress but 
also anisotropic stress in a thin film. In addition, the obliquely deposited TiO2 thin films produced by the electron-
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beam (e-bem) evaporation technique are investigated. The anisotropic stresses of TiO2 thin films, deposited on a 
BK7 glass substrate, are determined using the proposed technique. In order to enhance the measuring accuracy and 
to reduce the aliasing between frequency signals, a fringe normalization technique based on the Zernike polynomial 
is used to remove the background illumination from the interferogram and to increase the contrast of the fringe [5]. 
       TiO2 material has been widely applied to optical coatings. Most TiO2 thin films are prepared by vacuum 
evaporation with columnar microstructure.  Depositions at oblique incident angles, first reported in 1959 by Young 
and Kowal [6], are often referred to as glancing angle deposition (GLAD). With increasing deposition angles, 
accumulation of atoms causes the shadow effect and exhibits an anisotropic and birefringence in the films [7]. In 
this work, TiO2 thin films were prepared by e-beam evaporation technique with different columnar angles. We used 
the Twyman-Green interferometer combined with fast Fourier-transform method [8] and a Gaussian filter to 
measure residual stress in thin film. The anisotropic stress distribution of TiO2 thin films can be determined by the 
proposed approach.  
              
2. Principles 
The general interference equation for the intensity measured in a two-beam interferometer is 
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where a(x,y) and b(x,y) are the background and the contrast of the fringe coefficients, respectively; I(x, y) is the 
phase of the wave front; and f0 is the spatial carrier frequency. The intensity distribution can be rewritten in the 
following form: 
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where the asterisk indicates the complex conjugate and 1( , ) ( , ) ex p [ ( , )]
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c x y b x y i x yI  is a complex fringe pattern. 
Now, Eq. (2) can be described by the 2-D fast Fourier transform (FFT) as follows: 
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where the capital letters indicate the Fourier spectra; and u and v are the spatial frequencies in the x and  y 
directions. The amplitude spectrum of Eq. (3) is a tri-modal function with A(u,v) forming a broad zero peak, and 
two peaks C(u,v) and C*(u,v) located symmetrically with respect to the origin. By means of bandpass filtering, the 
zero peaks A(u,v) and C*(u,v) are removed. The remaining spectrum is no longer symmetric and will yield a non-
zero imaginary part after inverse transformation. Then, using inverse FFT for the phase distribution, I(x, y) can be 
calculated by  
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where Re[c(x,y)] and Im[c(x,y)] are the real and imaginary parts of c(x,y), respectively.  With Eq. (4) based on FFT 
using only one image, a speedy recovery of the phase I(x, y) can be obtained. 
The term I(x, y) in Eq. (4) represents the phase angle related to the geometrical path-length differences 
resulting from the object profile. It is noteworthy that there may be discontinuities present in the calculated phase, 
since the phase in Eq. (4) is wrapped in a modulo of 2S. In order to obtain the film surface profile, a phase 
unwrapping algorithm is needed to remove the discontinuities by adding or subtracting multiples of 2S from a pixel 
until the difference between it and its adjacent pixel is less than S. In this study, the phase unwrapping algorithm 
follows Macy’s [9]. Once the unwrapped phase )(x,y) is retrieved from the wrapped phase I(x, y) is determined 
across the interference field pixel by pixel on a CCD array. The local height contour, h(x,y), on the test surface is 
given by scaling as follows: 
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where O is the wavelength of the illumination light source. Therefore, film surface deformation can be readily 
obtained by subtraction of the surface contours before and after film deposition. Thus, the surface profile of the thin 
film can be reconstructed.  
A Gaussian filter is used to separate the high frequency profile from the original profile.  Thus Gaussian filter 
acts as a low-pass filter. An important property of Gaussian filter is its linear phase. The defined wavelength value is 
referred to as the cut-off of the Gaussian filter. The filter is designed to have 50% transmission at the cutoff. The 
transmission characteristic of Gaussian filter is defined as 
                                                 
2
expoutput c
input
A
A
OS D
O
ª º§ · « »¨ ¸© ¹« »¬ ¼
                                                           (6) 
where ln 2D S =0.4697, cO  is the cutoff wavelength, and O is the wavelength of different sinusoidal profiles on 
the surface. 
In general, Stoney equation [10] holds good in an isotropic film stress. However, the anisotropic stress [11, 12] 
in thin films is to be calculated by  
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where ıx and ıy are the biaxial stresses in the thin films; Rx is the radius of curvature in the x-axis direction and Ry is 
the radius of curvature in the y-axis direction. Es=81GPa and Qs=0.208 are the Young’s modulus and the Poisson’s 
ratio of the BK7 substrate, respectively; ts is the thickness of the substrate and tf  (tf  ts) is the film thickness. 
3. Experimental results 
3.1 Experimental setup 
TiO2 thin films were obliquely deposited using the e-beam evaporation technique. The coatings under study have to 
be on a flat, well polished substrate. The substrates used in this experiment were BK7 glass plate (25.4mm in 
diameter) and silicon wafer. After thin-film coating, we use a scanning electron microscope (SEM) to measure 
columnar angle (ȕ) of thin films. ȕ is the angle between column growth direction and substrate normal. Here, the 
columnar angles were 5°, 22° and 41° that corresponding to an incident angles of  0°,  40° and 70°, respectively. The 
BK7 glass substrate was used for stress measurement using a homemade Twyman–Green interferometer based on 
the FFT technique. The optical arrangement for stress measurement is shown in Fig. 1. A He-Ne laser is passed 
through a micro-objective and a pinhole which acts as a spatial filter to form a point source. This then propagates 
through a collimating lens to form a plane wavefront. The wavefront is divided in amplitude by a beam splitter. The 
reflected and transmitted beams travel to a reference mirror (flatness of O/20) and a glass substrate. The glass 
substrate is mounted on a two-axis stage to generate the spatial-carrier frequency and acts as a test plate. After being 
reflected by both the reference mirror and the substrate, the beams are recombined by the beam splitter and travel 
toward a digital CCD camera. The camera has a resolution of 1280u960 pixels. The interference pattern can be seen 
on the LCD monitor attached to the CCD camera. The interferogram is recorded by a personal computer equipped 
with a MATLAB program, as shown in Fig. 2. In addition, a fringe normalization technique based on the Zernike 
polynomial is used to remove the background illumination from the interferogram and to increase the contrast of the 
fringe. A detailed description has been given in a previous publication [5].  
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Fig. 1  Schematic representation of the experimental setup. 
 
 
 
Fig. 2. Interferogram of TiO2 thin film  
 
 
3.2 Measurement results 
The stress distribution is considered anisotropic with respect to x and y ( namely, ıx z ıy).  The biaxial stress state 
in an anisotropic film can be described by its two principal stresses, ıx and ıy. To evaluate the anisotropic stress of a 
thin film, deformation must be measured in different directions: the maximum gradient of deformation is set as an x-
axis direction while the y-axis direction is orthogonal to the x-axis. Thus ıx is the stress component in the x-axis 
direction and ıy is the stress component perpendicular to that.  The x-y coordinates of the film coincide with those of 
the substrate. The anisotropic stress analysis software package is developed by MATLAB language. Here we take 
TiO2 thin film (thickness of 350 nm) with column angle of 41° as an example. First, the interference fringe with 
carrier frequency is recorded by a digital CCD camera, as shown in Fig. 2. The spectrum in the frequency domain 
can be obtained by a 2-D FFT process, as shown in Fig. 3(a). The wrapped phase map is derived by shifting the +1 
order peak to the center of the frequency domain and inverting the 2-D FFT process, as illustrated in Fig. 3(b). Next, 
the unwrapped phase is obtained by using Macy’s phase unwrapping technique. To find the original surface contour, 
the unwrapped phase is transferred to the local height difference of the film or substrate. In particular, the MATLAB 
algorithm can generate a 3D contour plot of film deformation and indicate isotropic (Vx = Vy) or anisotropic stress 
(Vx  Vy). Fig. 4 (a) shows the 3-D contour reconstructed by removing the tilt. Fig. 4(b) indicates a 3-D surface 
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contour after curvature fitting.  Finally, in order to determine anisotropic film stress, a curvature fitting technique 
and a numerical method are used to calculate the radius of curvature of the bare substrate and coated substrate, 
respectively.  A curve fitting program is written to perform a least squares fit of the spherical surface (or circular) 
equation to the measured data. Fig. 5 shows the curvature fitting in the x-axis and y-axis directions, respectively. The 
biaxial curvature radii of both Rx= 145 m and Ry=223 m and average curvature radius R=164 m were obtained by 
this approach. In this case the results from the fitting routine were satisfactory. The measurement results for the 
anisotropic film stress are summarized in Table 1.  
           
 
                                   
Fig. 3. Proposed method used for: (a) Fourier transform spectrum; (b) wrapped phase obtained by IFFT. 
      
 
                      
Fig. 4. Proposed method used for: (a) 3-D surface contour map after tilt removed; (b) 3-D surface contour after 
curvature fitting. 
 
 
               
Fig. 5.  Curvature radius fitting: (a) in the x-axis direction for finding Rx; (b) in the y-axis direction for finding Ry. 
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Table 1. Stress measuring results for oblique deposition TiO2 thin films 
Columnar angle (ȕ) ı  (MPa) ıx (MPa) ıy (MPa) 
5° 253.6 110.1 228.0 
22° 207.9 232.3 167.4 
41° 104.6 50.2 230.3 
 
          
4. Conclusion  
An efficient approach for film stress measurement based on the FFT technique and a Gaussian filter is presented.  
Significant anisotropy values were observed in the obliquely-deposited TiO2 thin films. Accurate determination of 
anisotropic film stress can enhance our understanding of the origins and evolution of growth stresses in thin films. 
The proposed method has non-contact and non-destructive features which can make it very useful in measuring 
stress in thin films.  
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